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Abstract

Objectives—Therapy with broad-spectrum antibiotics is a common practice for premature infants.
This treatment can reduce the biodiversity of the fecal microbiota and may be a factor in the cause
of necrotizing enterocolitis (NEC). In contrast, probiotic treatment of premature infants reduces the
incidence of NEC. We hypothesized that one mechanism for these observations is the influence of
bacteria on postnatal development of the mucosal immune system.

Methods—Expression of immune molecules and microbial sensors was investigated in the postnatal
mouse gastrointestinal tract by real-time PCR. Subsequently, two-week-old specific pathogen free
(SPF) and microbial reduced (antibiotic treated, MR) mice were compared for immune molecule and
microbial sensor expression, mesenteric lymph node (MLN) T-cell numbers and activation, intestinal
barrier function/permeability, systemic lymphocyte numbers, and T-cell phenotype commitment.

Results—Toll-like receptor (TLR) 2, 4, and 5 expression was highest in 2-week-old SPF mice, and
this expression was decreased in MR mice. There was no difference in intestinal tight-junctional
function, as evaluated by FITC-dextran uptake, but MR mice had increased bacteria translocation
across the intestinal epithelial barrier. MR mice had significantly fewer splenic B-cells and MLN
CDA4+ T-cells, but there were normal numbers of splenic T-cells. These systemic T-cells from MR
mice produced more IL-4, and less interferon-y and IL-17, indicative of a maintenance of the fetal,
T-helper cell type 2 phenotype.

Conclusions—This study shows that intestinal commensal microbiota have an influence on early
postnatal immune development. Determining specific bacteria and/or bacterial ligands critical for
this development could provide insight into the mechanisms by which broad-spectrum antibiotics
and/or probiotic therapy influences the development of the mucosal immune system and mucosal-
related diseases.
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Introduction

Following birth, the sterile newborn intestine is colonized by environmental microorganisms
that expand exponentially to numbers that exceed the total number of host mammalian cells
1. The current paradigm holds that a state of mutualism is essential for overall health, growth,
and development 2. Acquiring intestinal microbiota is an active process where host and
microbial factors mediate the intestinal bacterial composition 3.

The systemic and mucosal immune functions of newborns are markedly different than adults
4. The fetal immune system has evolved to avoid maternal rejection rather than to process
potential pathogens 5. The neonatal immune system undergoes extensive postnatal
development 6 and the acquisition of intestinal microbiota is a major determinant of early
immune development 7. For example, the T cell population of the fetus favors a naive or T-
helper cell 2 (Th2) phenotype which undergoes a switch to a T-helper 1 (Th1) or T-helper 17
(Th17) phenotype upon exposure to intestinal microbiota to facilitate protection against
potential injurious microorganisms 8. The classic Th1, Th2, and Th17 phenotypes are largely
defined by their associated cytokine production: Th1 (interferon-y (IFN-vy)), Th2 (interleukin-4
(IL-4)), and Th17 (IL-17). The first step in this phenotype commitment is believed to be the
interaction between commensal bacteria and the mucosal immune system. The microbial
sensors known as toll-like receptors (TLRs) sense specific bacterial products, i.e.
peptidoglycan (TLR2), lipopolysaccharide (LPS)(TLR4), flagellin (TLR5), with a resultant
innate immune response mediated in large part by chemokine production 9.

Extremely premature human infants have a different postnatal experience than term infants.
They often receive broad spectrum antimicrobials and experience delayed feedings. Thus, these
infants acquire a skewed commensal microbiota which we hypothesize could adversely affect
the developing mucosal and systemic immune function. This phenomenon may in part explain
in a high incidence of necrotizing enterocolitis (NEC) in this patient population10. Recent
reports of probiotic therapy reducing the incidence of NEC in premature infants 11: 12give
credence to the notion that acquiring intestinal commensal bacteria in the early postnatal period
are of great importance. In addition, recent studies from our laboratory have demonstrated that
2-week old mice lacking TLR2, TLR4, or both TLR2 and 4, as well as microbial reduced mice
have increased intestinal injury in a model of NEC (Tatum, PM, et.al, in press, Journal of
Pediatric Surgery). These results support the idea that the presence of commensal bacteria and
the sensing of those bacteria through TLRs is important in preventing NEC.

Previous work examining the role of commensal microbiota in the development of immune
function have utilized adult germfree mice or animals colonized with a defined microbiota
(gnotobiotic) 13. These studies have indicated that in the absence of a commensal microbiota,
mice have decreased IgA, reduced intraepithelial lymphocytes, reduced Peyer’s patch and
mesenteric lymph node (MLN) size and cellularity, decreased responses to T-cell mitogens,
and altered susceptibility to pathogenic organisms 14+ 15. As the neonatal immune system is
not fully developed during normal acquisition of commensal microbiota, these studies on fully
developed adults may not accurately reflect the outcome of this crucial interaction. Previous
studies in suckling rats have demonstrated that antibiotic induced microbial restriction during
early neonatal development results in decreased Paneth cell products 16. Additionally, it has
been reported in C57BL/6 mice that exposure to microbial products after vaginal delivery
transiently increases chemokine expression by intestinal epithelial cells; a result that is not seen
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after a sterile cesarean delivery 17. However, the effects of these colonizing microorganisms
and their microbial products on the initial establishment of mucosal and systemic immunity
have not been evaluated. As some components of the developing postnatal murine immune
system are similar to that of premature human infants, it is a useful model for the investigation
of the establishment of this ecosystem 18, The aim of this study is to characterize early postnatal
mucosal and systemic immune function during the neonatal period when mice are acquiring
their intestinal microbiota. We then manipulated exposure to these microbiota during this
period by antibiotic treatment of pups (microbial reduced (MR)) to recapitulate the clinical
course of premature infants. We hypothesized that newborn mice that have altered acquisition
of normal microbiota will demonstrate significant changes in postnatal immune development.

Materials and Methods

Mice

Adult C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME), raised under
specific pathogen free (SPF) conditions, and acclimatized to our facility 2 weeks prior to
mating. SPF mice were chosen because they are known to be free of bacterial, viral, and
parasitic mouse pathogens, as opposed to “conventional” mice, which are not known to be free
of pathogens. SPF conditions, as defined by the UAB Animal Resources Program, can be found
at http://main.uab.edu/Sites/ComparativePathology/surveillance/. The pups were born and
housed under SPF or experimental conditions (as noted) and nursed until time of sacrifice. All
experimental protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Alabama at Birmingham.

RNA isolation and gene expression

RNA isolation and gene expression by quantitative real-time reverse-transcriptase polymerase
chain reaction (RT-PCR) was performed as previously described 38:49. Briefly, small intestine
and colon were harvested for analysis of the expression of microbial sensors and inflammatory
molecules. RNA was isolated, genomic DNA contamination was removed, and then RNA was
transcribed into cDNA. RT-PCR was performed using Applied Biosystems® primer probe
sets. Specific gene RNA levels were determined using crossing thresholds read by the RT
cycler MX3000P® (Stratagene®, La Jolla, CA). Fluorescence thresholds were averaged
generating a gene specific numeral, which then could be normalized to the average expression
of the 18S housekeeping gene and further stratified by particular strain and experimental
condition. Gene expression was calculated as an average fold change when compared to control
strain values, and shown on a log 2 scale as fold changes from the control baseline (=1). The
protocol for this data analysis format is provided in the Applied Biosystems manufacturer’s
instructions (4371095 Rev A, PE Applied Biosystems).

Epithelial versus lamina propria TLR expression

Small intestine (SI) and colonic epithelium was removed to determine the mucosal location of
TLR expression at two weeks of age. Briefly, Sl and colon from two week old animals were
removed and opened along the anti-mesenteric border. The tissue was then placed in Hank’s
balanced salt solution-plus (HBBS+) (HBSS 500 mL, 25mM HEPES, 1% fetal bovine serum
(HyClone Laboratories, Logan, UT), 100U penicillin, and 100 pg streptomycin). The tissue
was gently inverted several times to remove the luminal contents. To remove the epithelial
layer, the tissue was then transferred to HBSS w/o calcium and magnesium + 5mM EDTA and
agitated at 100 RPM for 15 minutes at 37°C. The tissue was removed and the supernatant,
which contained the epithelium, was saved on ice. The process was repeated and the final
volume of supernatant underwent centrifugation at 1,500 RPM for 5 minutes at 4°C. The pellet
was re-suspended in Trizol™ for RNA isolation (as above). Adequate removal of epithelium
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was confirmed by hematoxylin and eosin (H&E) staining of histologic sections of the
remaining tissue.

Microbial Reduction

Antibiotics were added to the drinking water based on a modification of Hans, et al 20,
Microbially reduced (MR) animals were maintained by the addition of streptomycin sulfate
(4.8 mg/mL), ampicillin (1.2mg/mL), metronidazole (1.2mg/mL), and vancomycin (0.6mg/
mL) (Sigma, St. Louis, MO) to sterile drinking water ad libitum and changed bi-weekly.
Antibiotic treatment of female C57BL/6 mice was initiated 5 days following mating and
maintained throughout the experimental period, including the nursing period up until sacrifice
of the pups. The choice of these antibiotics was based on an approximation of the early postnatal
experience in extremely premature human infants in the NICU.

Analysis of fecal samples by PCR-Denaturing gel electrophoresis (PCR-DGGE)

DNA extraction of fecal samples for PCR-DGGE analysis was performed as described 2L
Primers were used for PCR amplification targeting different variable regions of the 16S rDNA.
The forward primer sequence was
ACTACGTGCCAGCAGCCCGCCGGGCCGCGGCCCGCCCGCCCGCGGGGGCACGG
GGGACTACGTGCCAGCAGCC and the reverse sequence was GGACTACCAGGG
TATCTAATCC. Analysis of PCR products was performed using a gradient denaturant gel
which was scanned using a GS-710 Calibrated Imaging Densitometer® (Bio-Rad Inc.,
Hercules, CA). Selected bands were excised from the gel and DNA extracted via a crush soak
process. The DNA was used for an additional PCR using the above primers joined to M13
vector sequences as previously described 22 and the sequence analyzed using the online
Ribosomal Database Project provided by the Center for Microbial Ecology at Michigan State
University (http://rdp.cme.msu.edu/).

Flow cytometry

To conduct lymphocyte population analysis spleens and MLNs underwent mechanical
disruption, erythrocyte lysis and preparation for flow cytometry as previously described 0.
Lymphocytes were labeled for the lymphocyte markers CD4, CD45, CD8, CD3, CD19, CD44,
CD45, CD62L, or CD69 (BD Biosciences®, San Diego, CA). Flow cytometry was performed
using the Becton Dickson FACs Caliber® (Franklin Lakes, NJ) utilizing the Cell Quest®
analysis software (San Diego CA) and analyzed with FlowJo® software (Tree Star, Inc,
Ashland, OR).

Bacterial translocation and barrier permeability experiments

Green florescent protein (GFP) producing Escherichia coli (E. coli) (pET 21d/eTS GFP #4)
were a gift from Dr. Casey Weaver (UAB) and cultured as described 23, GFP E. coli was
inoculated into liquid Luria—Bertani broth (LB) with 100 mg/L ampicillin (Sigma-Aldrich, St.
Louis, MO) and incubated at 37°C overnight with agitation. A final dilution of 5 x1010 CFU/
mL was prepared in sterile media, as determined by optical density at 450 nm. (ODysgq /3 %
10° =CFU/mL)

Two-week old SPF and MR pups and their dams were orally inoculated with 1 x 108 CFU/mL
of GFP E. colion day 1, 2, 3, and 4. On day 1, antibiotic therapy was discontinued in the MR
group prior to bacterial challenge. On day 6, the pups were sacrificed and individual mesenteric
lymph nodes (MLNSs), spleen, and liver were harvested using sterile technique. Cecal contents
were obtained after the organ harvest. The organs and cecal contents were used to inoculate

LB agar plates containing ampicillin and incubated overnight at 37°C. GFP producing colonies
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were confirmed by fluorescence. The presence of > 1 GFP E. coli colony was defined as being
positive for bacterial translocation for that organ.

Barrier permeability was assessed by analyzing serum concentrations of fluorescein
isothiocyanate (FITC)-dextran (MW 4,000, Sigma-Aldrich, St. Louis, MO) following oral
gavage as previously described 24, Briefly, mice were orally gavaged 4 hours prior to sacrifice
using an 80mg/ml stock of FITC-dextran, for a total dose of 60mg/100g of body weight. Total
blood volume was collected at sacrifice via cardiac puncture. Blood samples were coagulated
inthe dark at 4°C for one hour prior to centrifugation and serum harvest. Samples were analyzed
using the Synergy™ HT Multi-Mode Microplate Reader (Bio-Tek Technologies, Winooski,
Vermont) and standardized to FITC loaded control serum, FITC was detectable between
25-0.195ng/ml.

Splenocyte culture and cytokine analysis by ELISA

Spleens were harvested from SPF and MR neonates following sacrifice. A single cell
suspension was filtered through a 70 uM Nitex® membrane (Tetko, EImsford, NY).
Erythrocytes were lysed using ammonium chloride and the splenocytes were washed twice in
HBSS+. The cells were resuspended in R10 medium (RPMI 1640, 10% FBS, 1% GlutaMAX-
I™ (Invitrogen™, Carlsbad, CA,) and 50 pg/mL gentamicin sulfate) and inoculated at
2x10° cells/well onto 96 well culture plates, coated with hamster aCD3 (clone 145-2C11) or
hamster IgG control (clone UC8-4B3) at a concentration of 1 ug/mL (BD Biosciences, San
Diego, CA). Cells were incubated at 37° C in a humidified atmosphere containing 5%
CO,/95% air for 96 hours. Supernatants were analyzed for expression of IFN-y, 1L17, IL10,
IL4, and IL2 with BioLegend® cytokine ELISA reagents and read at 450nm with a VERSA-
Max® microplate reader (San Diego, CA) and analyzed using Softmax Pro® software
(Molecular Devices, Sunnyvale, CA).

Statistical analysis

Results

Sigma Stat 2.03 (SPSS Inc., Chicago, IL 60606 USA) software was used for data analysis.
Student’s t-test and one-way ANOVA were used for continuous variables and Fisher’s exact
test was used for categorical variables. Non-parametric analysis was performed with a Mann-
Whitney test. Gene expression differences were analyzed by using Student’s test to compare
AACT and standard deviation between the experimental and control animals. A p value < 0.05
was regarded as significant.

Bacterial sensing molecules during early development

Previous work has shown that immature intestinal cells express a basal level of the LPS
signaling molecule TLR4 25, Additionally, several investigators have demonstrated that the
expression and responsiveness of TLR2 and TLR4 is regulated by exposure to bacterial product
ligand 2628, To determine the early postnatal response to commensal microbial colonization
with regards to TLR expression, cohorts of SPF C57BL/6 mice were sacrificed at multiple
developmental time points. RNA was harvested from the SI and colon after which gene
expression was determined using RT-PCR analysis and values were normalized to E20.5 levels.
This was done based on the assumption that prenatal organs at this stage would be fully
developed, but are sterile due to a lack exposure to a commensal microbiota. Relative the E20.5
expression, TLR2, TLR4 and TLR5 were significantly elevated in the two week old mouse
colon (Figure 1, B, D, and F). In addition, SI expression of TLR4 and TLR5 were also
significantly greater in the two week old cohorts (Figure 1, C and E). While not achieving
statistically significance, the same trend was observed with regards to SI TLR2 expression
(Figure 1, A). These expression peaks were attenuated in the three week old animals and
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remained diminished into adulthood. Interestingly the increased level of expression at two
weeks coincides with the period of microbial expansion in the postnatal murine gastrointestinal
tract 2% 30, In addition, the relative organ specific expression of TLRs was consistent with
increased microbial colonization in the colon compared to the SI. Thus, the induction of TLR
expression at two weeks is greatest in the colon, the organ with the greatest number of
commensal microbiota.

Epithelial versus lamina propria TLR expression at two week postnatal development

Commensal

To determine the mucosal compartment of the increased TLR expression, separate cohorts of
two week old pups raised in the SPF environment were studied. After isolation of the
epithelium, the relative expression of epithelial derived TLR2, TLR4, and TLR5 were
compared to that of the total SI or colon. Relative to that of the total SI or colon, the epithelial
expression of TLR2, TLR4, and TLR5 was significantly less, indicating that the majority of
the increased expression was a result of induction of TLRs in the cells of the lamina propria
(Figure 2, A,B). The removal of the epithelium by EDTA treatment was confirmed in each
sample by histological examination (Figure 2, C,D,E,F).

intestinal microbial reduction using antibiotics

The developmental experiments above identified the two week period as a potential check point
of microbial-host interaction. Therefore we set out to reproduce a simulated microbial reduced
environment during this period by using antibiotics added to recently bred dam drinking water.
This replicated the broad-spectrum antibiotic treatment that is observed in the early postnatal
period of premature human neonates.

To determine the alteration in maternal microbiota induced by the broad-spectrum antibiotic
treatment, feces from the MR and SPF 2-week old mice were analyzed for the presence and
diversity of bacteria using amplification of 16s rRNA. Following PCR with conserved bacterial
16s rRNA primers, a DGGE analysis revealed a relatively diverse microbial population in the
SPF feces (Figure 3, Lanes 1,2) compared to that of MR mice (Figure 3, Lanes 3-9). A
consistent band representing single bacterial species was observed in the MR mice (Figure 3,
arrow). This band was also noted in the SPF mice. Sequence analysis revealed this band
corresponded with Pseudomonas aeruginosa with 93% sequence similarity as found in the
Ribosomal Database Project. Thus, the mice reared by dams receiving antimicrobial therapy
had a marked reduction in microbial diversity with a selection for a potentially pathogenic
bacterium.

Microbial reduction results in alteration of bacterial sensor and immune function molecule

expression

Since there was an increased expression of TLR2, TLR4, and TLR5 in 2-week old mice
compared to the other cohorts, we hypothesized that MR mice would have less expression of
these microbial sensing molecules. The SI expression of TLR5 in the MR mice was
significantly less than the SPF controls, with no difference in TLR2 and TLR4 expression
(Figure 4, A). In contrast, there was marked reduction in TLR2 and TLR5 in the MR colons
with a trend toward less TLR4 expression. (Figure 4, B). These results support the notion that
commensal microbiota are critical for the induced TLR expression observed at 2 weeks
postpartum.

Bacterial signaling through TLRs results in an initial innate immune response, including the
production of neutrophil-attracting chemokines 27. Therefore, we speculated that the MR 2-
week old mice would have a diminished chemokines bearing the glutamic acid-leucine-
arginine and cysteine-amino acid-cysteine (ELR+ CXC) motif. These chemokines are the
murine equivalent of human IL-8. As is seen in Figure 5, there was decreased expression of
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three ELR+ CXC chemokines in the MR mice compared to SPF controls. Specifically, there
was significantly less SI and colonic LPS-inducible CXC chemokine (LIX, CXCL5)
expression (Figure 5, A,B). In addition, there was significantly less colonic macrophage
inflammatory protein-2 (MIP-2, CXCL2) (Figure 5, B). While there was a trend toward
decreased expression of Sl and colonic keratinocyte-derived chemokine (KC, CXCL1), this
reduction did not achieve statistical significance. As was previously seen with regards to
intestinal versus colonic differences, we observed a greater relative reduction in ELR+ CXC
expression in the colon which has orders of magnitude more microbiota.

We next set out to determine the role of microbiota in T-cell phenotype associated adaptive
immune development. In general, there was no difference in mucosal 1L-4, IL-17, or IFN-y
expression between the MR and SPR 2 week old animals (Figure 5, C,D). There was higher
IL-10 expression in the MR Sl but no difference in colonic expression. In summary, taken
together, these data demonstrate that the presence of intestinal and colonic commensal bacteria
induce their own signaling molecules, trigger an innate mucosal immune response, but do not
seem to affect the early postnatal adaptive mucosal response.

The role of microbiota in MLN T-cell activation

The MLNs from MR and SPF 2 week-old animals were analyzed for evidence of T-cell
activation. Overall, we saw no statistically significant difference in the percentage of T-cells
expressing the activation markers CD44, CD62L, CD69 or CD25 (data not shown). There was
a trend towards less CD44 expression (Figure 6, A) and greater CD62L and CD69 (Figure 6,
C, E); while there was similar CD25 expression (Figure 6, G) in the SPF mice compared the
MR mice. However, the mean fluorescence intensity between the groups for each activation
marker was not significantly different.

Next we analyzed the number of T-cells expressing the selected activation markers. While the
percentage of activated CD4* cells was not different between the SPF and MR cohorts, the
mean absolute number of CD4* cells per MLN was significantly decreased in the MR mice
(8.6 +2.4 x 108 (SPF) versus 1.7 + 0.42 x 108 (MR), p=0.0012). This alteration in total number
of cells resulted in a significantly fewer CD44*, CD62L*, CD69*, and CD25* T-cells in the
MR mice compared to the SPF group (Figure 6, B, D, F, and H). Taken together, these results
suggest that in the early postnatal period, the presence of commensal bacteria induces the
expansion of activated T-cells but does not alter the intensity of surface expression of markers
of activation.

Alterations in microbiota effect intestinal barrier function

While the mechanisms by which broad-spectrum antibiotics and probiotics alter the incidence
of NEC in premature infants are unknown, one hypothesis is that these bacteria protect the host
from intestinal bacterial translocation. To test the hypothesis that mice with an altered
commensal microbiota secondary to early antibiotic exposure would have a relative loss of
barrier function, cohorts of 2-week old MR and SPF pups were orally inoculated with GFP
labeled E. coli. Six days after inoculation, pups were sacrificed under sterile conditions, and
cecal contents and peripheral lymphoid organs were cultured and analyzed for the presence of
GFP E. coli. Twenty-four hours following initial culture, GFP producing colonies were
detected in the cecal contents from all innoculated neonates, indicating adequate colonization.
Colonies were detected in the MLN, spleen, and liver of MR animals, while organs from SPF
neonates were demonstrably free of GFP labeled organisms (Figure 7, A).

To test whether bacterial translocation was a result of increased intestinal permeability, MR
and SPF mice were orally gavaged with FITC-dextran and sera harvested after four hours. The
mean serum FITC-dextran concentration of the MR and SPF mice was not significantly
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different (Figure 7, B), arguing that paracellular barrier permeability and epithelial tight
junctions were intact.

Role of microbiota in the development of systemic T and B cell populations

The preceding experiments demonstrated that the acquisition of commensal bacteria in the first
two weeks of life is a major determinant of postnatal innate mucosal immune development.
We next wanted to determine if MR pups would have altered numbers and proportions of
peripheral lymphocytes. Splenocytes were labeled with fluorescently tagged lymphocyte
markers and analyzed using flow cytometry. Overall, there were significantly more
lymphocytes in the spleen in SPF mice compared to the MR group, similar to what was observed
in the MLN experiments. There was no difference in the absolute number or percentage
CD45*CD3* lymphocytes, indicating that early in postnatal life, microbiota have little effect
on systemic T-cell numbers (Table 1). In contrast, there were significantly more
CD45*CD19* lymphocytes, thus showing that commensal bacteria influence early postnatal
B-cell numbers.

Role of microbiota in the development of systemic T cell phenotype

While the overall percentage of T-cells was similar in the SPF and MR groups, we next set out
to test the hypothesis that acquisition of commensal intestinal microbiota influences systemic
T-helper cell phenotypic commitment. Following a 96 hour culture, the supernatants from
splenocyte cultures obtained from 2 week old SPF and MR mice were analyzed for cytokine
production. When compared to MR conditions, there was a significantly greater concentration
of IFN-y and IL-17 in the SPF splenocyte cultures (Figure 8 C, D). In contrast, the MR cultures
had significantly greater amount of IL-4 and a trend toward more 1L-10 production (Figure 8,
A, B). These results demonstrate that in the absence of intestinal microbiota, newborns remain
committed to a systemic Th2 phenotype and fail to switch to the Thl and Th17 pathways,
which are essential for defending against microbial infections.

Conclusions

The results of these experiments demonstrate that early acquisition of commensal microbiota
significantly influences neonatal mucosal and systemic immune development and function.
From a mechanistic prospective, these experiments suggest that during early postnatal mucosal
immune development, the colonization of the intestine with microbiota results in a self-
induction process of bacterial sensors with subsequent activation of innate mucosal immune
processes. This activation process is temporal and rapidly attenuated as the host ages. The
presence of commensal bacteria also promotes intestinal barrier function against potential
pathogens and stimulates the number of activated T-cells in the MLN. In concert, the
acquisition of commensal intestinal bacteria induces expansion of systemic B-cells and thus
also shaped early humoral immunity. Lastly, this colonization process induces the switch from
the fetal Th2 state that promotes intrauterine fetal-maternal coexistence to a Th1/Th17 state
that prevents invasion of potential pathogens.

Our results agree with other work demonstrating that intestinal TLR2 and TLR4 are expressed
in the sterile fetal environment 31, Constitutive expression of baseline TLRs would be necessary
if increased expression is inducible. The increased expression of TLRs at 2 weeks postnatal
development reflects a relative increase not an absolute value. The downregulation of TLRs
occurs in the same timeframe as TLR tolerance has been reported to occur, indicating that both
functional and physical mechanisms are induced by exogenous stimuli to control intestinal
responses to TLR ligands 32.
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These results also tease out the specific roles of commensal microbiota and breast milk in the
induction of TLR expression 33, TLR expression in human adult and fetal epithelial cells was
different when treated with breast milk supplement medium 34, In our study, both the SPF and
MR pups received breast milk, thus the difference in microbial sensor expression was
specifically related to the presence or absence of commensal microbiota.

Other investigators have demonstrated that germ-free animals lacking a commensal microbiota
are at risk for invasive bacteria 14 3% 36_Qur findings demonstrate that this barrier function is
established early the postnatal period. Another difference in our results is that while MR mice
were in a microbial reduced environment, the dam was not from a gnotobiotic environment
and as such was able to confer passive immunity by both transplacental or breast milk pathways.
Even though the MR pups were nursed by immunocompetent mothers, the lack of normal
commensal microbiota created an environment allowing bacterial translocation. Interestingly,
the FITC-dextran experiments revealed similar serum levels in the MR and SPF pups,
indicating no differences in the paracellular mucosal permeability in the early postnatal period.
Thus, the increased bacterial translocation is not a result of a “leaky” intestinal epithelial barrier,
but due to a more global impairment of immune function. As chemokines are critical for the
appropriate trafficking of innate and adaptive immune cells to the intestine, the decreased
expression of these molecules may explain the absence of appropriate immune mechanisms to
clear the administered GFP-E.coli

However, some commensal microbial products have been shown to alter mucosal epithelial
integrity and barrier function. An in vitro study of human intestinal epithelial cells has
demonstrated that the tight junction, ZO-1, is increased in the presence of TLR2 ligands 37.
In addition, our laboratory has shown that adult mice lacking TLR2 have greater injury in an
ischemia/reperfusion model of NEC 38 and that 2 week old MR mice or mice lacking TLR2
or TLR4 also have increased ischemia/reperfusion injury (Tatum, PM, et.al, in press, Journal
of Pediatric Surgery). Thus, intestinal sensing of commensal microbiota is also essential to
impart protection against acute intestinal injury.

Of additional interest is that the MR mice have reduced bacteria but are not germ-free. The
PCR-DGGE results show broad spectrum antibiotics in this model reduce not only the number
of bacteria but more importantly the bacterial diversity. It is unlikely that any one commensal
bacterium is the major determinant of postnatal development but rather it is the interplay
between several species. Our findings are in agreement with previous studies looking at the
introduction of defined bacterial microbiota into gnotobiotic mice, which show that a diverse
population of bacteria is necessary 39 40, Of interest was the predominance of Pseudomonas
in the MR mice. This finding has also been reported in a case-control study in very low birth
weight infants reporting an association with prolonged use of antibiotics with pseudomonas
and NEC 4L, Thus, our findings seem to recapitulate the early postnatal experience of premature
infants in the NICU receiving broad spectrum antibiotics.

Our findings of activation of innate immunity in response to microbiota have been previously
shown in adult-germ free mice 2. A unique finding of our study is the relative increase in IL-10
gene expression in the MR at 2-week-old mice. As IL-10 is considered a regulatory cytokine,
it is unclear why mice with a reduced microbiota would have greater expression of the gene.
Itis possible that this increase reflects the earlier response to food antigens and the development
of tolerance in an environment with markedly less bacteria 42.

The finding of increased B cells in SPF animals is consistent with the observation in humans
that Peyer’s patches and other mucosa-associated lymphoid tissue do not contain secondary

follicles with germinal centers and B-2 B-cells at birth. These structures develop several weeks
later, reflecting that this activation needs exogenous stimuli 43. However, this early postnatal
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increase in B cells could also reflect expansion of B-1 B progenitor cells 44. In addition,
antibiotic therapy early in life has been shown to impair humoral immunity and response to
oral antigens, thus demonstrating the role for microbiota to direct postnatal immune
development 45,

The temporal and functional nature of Th2 and Th1/Th17 commitment as it relates to health
and disease and the need for microbiota is well documented 46. Our study again focuses on the
timely commitment during the early postnatal period. Several studies have shown that
progesterone induces the production of Th2 cytokines, presumably to prevent allograft (fetus)
rejection 4. It appears that evolution has selected for a switch from a Th2 to Th1/17
preponderance early in development, as a means of protection against potential pathogens. Our
study shows that neonatal animals that fail to acquire commensal microbiota remain in a Th2
state and are at risk for pathogenic infections.

Lastly our study offers a potential mechanism for how the commensal microbiota is involved
in the susceptibility to NEC. The alteration and/or delay in establishing a normal commensal
microbiota has been theorized as a possible mechanism for NEC 48. Our data shows that the
interplay of microbiota and immune function, during the early postnatal period is critical and
that the treatment of premature infants with probiotic medication may help to mimic the
establishment of a normal commensal microbiota and therefore help to establish a normal
mucosal and systemic immune system.

In conclusion, we have demonstrated that the acquisition of a commensal microbiota is
necessary for the early postnatal development of immune function. In this model, newly
arriving commensal bacteria are sensed by cells, both in the epithelium and in the lamina
prorpia that express a basal level of TLRs. These bacteria induce addition expression of host
TLR and an accompanying innate response. This early immune response is necessary for
activation of the mucosal immune function, prevention of bacterial translocation, and as a check
point for the switch from the in utero Th2 predominant phenotype to a mature Th1/Th17 T-
cell commitment. (Figure 9). Determining the specific bacterium and/or bacterial products that
are essential for this process could provide insight into the mechanism of both disease and
protection in neonatal sepsis and NEC.
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Figure 1.

Quantitative RT-PCR analysis of TLR gene expressin in SPF mice at various postnatal ages.
(A) Small intestinal TLR2, (B) colonic TLR2, (C) small intestinal TLR4, (D) colonic TLR4,
(E) small intestinal TLRS, (F) colonic TLR5. Data is expressed on a log, scale and normalized
to 18S rRNA expression, with fold change calculated by comparison with the level of

expression in E20.5 mice. (E20.5 n=7, Day 3 n=8, Week 1 n=10, Week 2 n=13, Week 3 n=9,
Week 6 n=7). The bar graph to the right represents increased expression and to the left decreased

expression.
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Figure 2.

Quantitative RT-PCR analysis of TLR gene expression in SPF mice, comparing epithelial
expression to total small intestinal or colonic expression. (A) Small intestinal TLR 2, 4, and 5
expression, (B) colonic TLR 2, 4, and 5 expression, (C) H & E of small intestinal section
without and (D) with EDTA digestion. (E) and (F) are similar sections of colon without and
with EDTA digestion. RT-PCR data is expressed in log, scale and normalized to 18S rRNA
expression with fold change calculated comparing epithelial expression to total intestinal or
colonic expression, n=6. The bar graph to the right represents increased expression and to the
left decreased expression.
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1 2 3 4 5 6 7 8 9

Figure 3.
PCR-DGGE analysis of feces from 2-week-old SPF and MR mice. Lanes 1,2=SPF, lanes 3-9
MR. The black arrow indicates persistent banding pattern observed in the MR mice.
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Quantative RT-PCR analysis of TLR gene expression in MR mice compared to SPF. RT-PCR

data is expressed in log, scale and normalized to 18S rRNA expression with fold change

calculated comparing MR to SPF. (MR n=10, SPF n=10). The bar graph to the right represents

increased expression and to the left decreased expression.
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Figure 5.

Quantative RT-PCR analysis of cytokine and chemokine expression in MR mice compared to
SPF. (A) Small intestinal chemokine expression, (B) colonic chemokine expression, (C) small
intestinal cytokine expression, (D) colonic cytokine expression. RT-PCR data is expressed in
log, scale and normalized to 18S rRNA expression with fold change calculated comparing MR
to SPF. (MR n=10, SPF n=10). The bar graph to the right represents increased expression and
to the left decreased expression.

J Pediatr Gastroenterol Nutr. Author manuscript; available in PMC 2011 September 1.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dimmitt et al. Page 19

100
A B 6.0x10° *
o [ SPF
o E MR
% 60 a
g O 4.0x10° 4
# 40 +"
<
a
20 P
S 2.0x10° 4
a
0 (8]
100 101 10 10 %
CD44 c
100 D
c 6.0x106 = *
o [ SPF
60 g | E MR
z +8 4.0x10¢
LT g"
(1]
Pl ) Q
. o 20x10°
I 7 N N 8
10° 10’ 10 10° %
CcD62L c
E F 5000000+ *
3 SPF
& 4000000- | B8 MR
g 8
H 4, 3000000-
(7]
a
© 2000000+
<
(m]
O 1000000+ %
0
G H 4000000- *
O sPF
n | E MR
. 3 3000000-
= o
S 20000004
3]
£
& 1000000
(&) 1
0

Figure 6.

Flow cytometry analysis of MLN derived T-cell activation markers comparing MR to SPF
mice. (A)(C)(E)(G) represent histograms of T-cell surface activation markers CD44, CD62L,
CD69, and CD25, respectively. Dotted line=SPF, solid line=MR, gray filled= unlabeled SPF
cells. (B)(D)(F)(H) represent absolute numbers of CD4* cells that are CD44, CD62L, CD69,
and CD25 positive. White bars=SPF, stipped bars=MR. Results are 3 separate experiments
where the MLNs from 3-5 mice were pooled for analysis. *p<0.05.
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Figure 7.

Bacterial translocation as a function of intestinal barrier permeability (A). The columns
represent the percentage of animals with positive GFP E. coli colonies cultured from mesenteric
lymph nodes (MLN), spleen, and liver from SPF (first three columns) and MR (last three
columns) neonates. The median number of colony forming units (CFU)/whole organ culture
is expressed below the X-axis. ND-none detected, * p< 0.05, (MR n=12, SPF n=11). Epithelial
barrier function assay (B). The columns represent serum FITC-dextran concentrations four
hours after oral gavage. The concentration is expressed as mean and standard deviation. (MR
n=9, SPF=8).
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Cytokine ELISA results from MR and SPF splenocyte cultures after t«CD3 activation. (A) IL4,
(B) IL10, (C) IL17, and (D) IFN-y. *p<0.05 (MR n=10, SPF n=10).
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Figure 9.
Proposed mechanism of commensal bacteria acquisition and early postnatal mucosal and

immune development.
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Table 1
Spleen lymphocyte populations analyzed by flow cytometry

CD45*CD3* CD45*CD19* Total Number

SPF neonates | 3.06+1.82(4.6) | 18.4 +6.17(27.4) 67.2+29.6

MR neonates [ 2.02+0.82(6.4) | g53+168%(27.2) | 31.4+5.30"

Values are expressed as 106 cells, number in parentheses is the percentage of total number of splenocytes.

*
p<0.05

SPF=specific pathogen free MR=microbial reduced
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